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The differentiation-inducing signals (DIFs) currently known in Dictyostelium appear unable to account for the full diversity of cell types
produced in development. To search for new signals, we analyzed the differentiation in monolayers of cells expressing prestalk (ecmAO,
ecmA, ecmO, ecmB and cAR2) and prespore (psA) markers. Expression of each marker drops off as the cell density is reduced, suggesting
that cell interaction is required. Expression of each marker is inhibited by cerulenin, an inhibitor of polyketide synthesis, and can be restored
by conditioned medium. However, the known stalk-inducing polyketide, DIF-1, could not replace conditioned medium and induce the ecmA
or cAR2 prestalk markers, suggesting that they require different polyketide inducers. Polyketide production by fungi is stimulated by
cadmium ions, which also dramatically stimulates differentiation in Dictyostelium cell cultures and the accumulation of medium factors.
Factors produced with cadmium present were extracted from conditioned medium and fractionated by HPLC. A new factor inducing prespore
cell differentiation, called PSI-2, and two inducing stalk cell differentiation (DIFs 6 and 7) were resolved. All are distinct from currently
identified factors. DIF-6, but not DIF-7 or PSI-2, appears to have an essential carbonyl group. Thus Dictyostelium may use extensive
polyketide signaling in its development.
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In the development of Dictyostelium, a population of
aggregated cells differentiate into the precursors of the stalk
and spore cells of the mature fruiting body. Most cells
become prespores and then spores, which are a resistant
survival form, whereas a minority become prestalk and then
stalk cells, which are dead (Kessin, 2001). Although
differences in gene expression have been noted amongst
prespore cells (Haberstroh and Firtel, 1990; Kay and
Thompson, 2001), they are generally considered to follow
a single differentiation pathway, producing a single func-
tional cell type. In contrast, the prestalk pathway produces
mature stalk cells of both the basal disc and the stalk proper,
as well as two populations of amoeboid cells – the upper
and lower cup cells – which cradle the spore head of the
mature fruiting body (Stenhouse and Williams, 1977;0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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of labor is reflected by a diversity of prestalk cell types
(Jermyn et al., 1989; Williams et al., 1989), which even now
may not be fully described (Maeda et al., 2003).
Specification of these cell types during normal develop-
ment is of particular interest because it most likely occurs by
a non-positional mechanism, which produces an inter-
mingled mixture of prestalk and prespore cells at the mound
stage (Kessin, 2001; Kay, 2002; Chisholm and Firtel, 2004).
Sorting out of this mixture then produces the characteristic
anterior/posterior pattern of prestalk and prespore cells seen
in the migrating slug, in which the prestalk zone is further
divided into prestalk-A, prestalk-O and prestalk-B (pstA,
pstO and pstB) regions (Jermyn et al., 1989; Early et al.,
1993). This patterning without positional information may
serve as a paradigm for a number of other situations, where
sorting-out produces pattern, even though the molecular
details will most likely differ.
Current evidence suggests that the inventory of signals
controlling cell differentiation is incomplete. Developing82 (2005) 432 – 441
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DIF-1 (Morris et al., 1987) which can induce a subset of
prestalk markers (Kopachik et al., 1983; Williams et al.,
1987) and whose absence in a biosynthetically blocked
mutant leads to an approximate 50% reduction in prestalk
cells (Thompson and Kay, 2000; Maruo et al., 2004).
However, markers for pstA cells are not induced by DIF-1
(Saxe et al., 1996; Shaulsky and Loomis, 1996) and these
cells differentiate normally in the blocked mutant, and in a
mutant which is unable to respond to DIF-1 (Thompson et
al., 2004). In addition the many reports of partially
characterized activities in conditioned medium suggests that
further signals await discovery (Kumagai and Okamoto,
1986; Inouye, 1988; Yamada and Okamoto, 1994; Yamada
et al., 1997; Maeda and Kuwayama, 2000; Tsujioka et al.,
2004).
Differentiation factors have previously been purified
from the medium supporting the normal development of
amoebae into fruiting bodies, and assayed using a
bioassay where they induce isolated cells to differentiate
into mature stalk cells (Kay et al., 1983). For a factor to
have been detected in this work, it would have to escape
efficiently from the aggregates, be fairly stable and be
able to induce mature stalk cells in the bioassay. To
search for new factors, we modified this approach by
studying the differentiation of separate cells in monolayer
culture, from which factors would be expected to escape
more easily, and by using a range of bioassays to directly
report prestalk and prespore cell differentiation. In this
way we have discovered a number of novel activities that
induce differentiation of prestalk and prespore cells and
are most likely polyketides.Materials and methods
Strains and cell cultures
Ax2 and HM1030 (Thompson and Kay, 2000; dmtA)
strains of Dictyostelium discoideum were grown in axenic
medium (Watts and Ashworth, 1970) supplemented with
vitamins (0.1 mg/l cycancobalamin, 0.02 mg/l biotin, 0.2
mg/l riboflavin). EcmAO-lacZ (HM2076), ecmA-lacZ
HM2078), ecmO-lacZ (HM2077), ecmB-lacZ (HM2079),
cAR2-lacZ and psA-lacZ (HM2086) transformants of Ax2
(Dingermann et al., 1989; Jermyn et al., 1989; Jermyn and
Williams, 1991; Early et al., 1995; Saxe et al., 1996) were
grown in the same medium with G418 (10 Ag/ml) and used
as pools of mixed transformants. Strain V12M2 was grown
in association with Klebsiella aerogenes on SM-agar plates.
Cells were grown and developed at 22-C.
Development in monolayer cultures
For monolayer assays in Ax2, exponentially growing
cells were washed in KK2 (16.5 mM KH2PO4, 3.9 mMK2HPO4, 2 mM MgSO4, pH 6.1) and plated at 10
6 cells/ml
(1.5 ml/3.5 cm diameter tissue culture dish) in spore
medium (10 mM 2-(N-morpholino)ethane sulfonic acid,
20 mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH
6.2 with 100 Ag/ml streptomycin), supplemented with 15
mM 8-Br-cyclic-AMP (Kay, 1989) and additions as
indicated in the text (Kay, 1987). Plates were kept in the
dark for 20 h. Stalk cell differentiation was scored by phase-
contrast microscopy, and spore cell differentiation following
detergent treatment (Cemulsol, 0.3%), which leaves spores
intact. Stalk-cell induction assays with V12M2 were carried
as previously, except that 1.5 ml of medium was used in 3.5
cm diameter plates (Kay, 1987).
Conditioned medium was prepared from cells plated at
5  106 cell/ml (10 ml/9 cm diameter tissue culture plate)
in spore medium supplemented with 5 mM cyclic-AMP,
and other additions as indicated. After 24 h, the medium
was collected, cleared from cell remnants by centrifugation
and filtration and stored at 20-C until use.
b-galactosidase assays
Cells were washed in KK2 and plated at 2  106 cells/ml
(100 Al/well of a 96-well microtitre plate) in spore or
conditioned medium, supplemented with 5 mM cyclic-AMP
and additions as described. After 20 h, medium was
removed and cells lysed in situ with lysis buffer (100 mM
HEPES, 1 mM MgSO4, 2% Triton X-100, pH 8.0
supplemented with 5 mM dithiothreitol and protease
inhibitors: 5 Ag/ml leupeptin, 2.5 Ag/ml pepstatin A and
150 Ag/ml benzamidine). CPRG (chlorophenolred-h-d-
galactopyranoside), the substrate for h-galactosidase, was
added directly to the lysates to 1 mM final concentration.
Plates were incubated at 37-C for 1 h or more, and optical
density measured at 575 nm with a plate reader.
Extraction and fractionation of hydrophobic factors from
conditioned medium
HM1030 cells were washed and plated at 5  106 cells/
ml (250 ml/24  24 cm tissue culture dish) in spore
medium containing 3 mM cyclic-AMP and 25AM CdCl2.
After 20 h the conditioned medium (5 l) was collected as
described above. For the purification, a bed of Sepralyte C-
18 resin (60 g suspended in methanol) was packed in a 1-l
chromatography column, and conditioned with 300 ml 50%
methanol, then 20% methanol and finally water. The
conditioned medium was allowed to pass through the resin
by hydrostatic pressure, at 30 ml/min. After washing the
column once with water, resin-bound hydrophobic factors
were eluted in 300 ml methanol. The eluate was dried
down using a rotory-evaporator, and eventually dissolved
in 10 ml of 60% ethanol. The concentrated eluate was
acidified with 150 mM HCl to induce precipitation of
residual cyclic-AMP, which was removed by centrifugation.
The clear supernatant was neutralized with NaOH and
Fig. 1. The efficiency of prestalk and prespore differentiation in monolayer
cultures is cell density dependent. Prestalk markers: ecmA-lacZ (O); ecmO-
lacZ (g); ecmAO-lacZ (r); ecmB-lacZ (o); prespore marker: psA-lacZ (h).
Cells transformed with different lacZ-reporters were developed at various
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acetate phase was dried down, dissolved in 600 Al of 45%
ethanol and loaded on a 50  1 cm Spherisorb S10 ODS2
HPLC column. For HPLC, solvent A was 2% acetic acid,
and solvent B methanol/2% acetic acid; elution was at 3
ml/min with linear gradients of 40–60% B in 10 min,
followed by 60–100% B in 80 min, collecting 1 min
fractions.
Sodium borohydride reduction
Dried down DIFs and other factors were re-dissolved in
25 Al of 0.1 M NaBH4 in ethanol and allowed to react for 30
min at room temperature. The reactions were terminated
with 1Al glacial acetic acid. For controls, DIFs were
dissolved in 0.1 M NaBH4 to which acetic acid was already
added.densities in 96-well plates, in a volume of 100 Al/well with 5 mM cyclic-
AMP, as described in Materials and methods. After 20 h lacZ activity was
assayed and is given normalized for cell numbers, as a percentage of the
maximum activity for each reporter strain. Results are the mean plus
standard deviation of 3 experiments, where each condition is assayed in
triplicate (note most of the error bars lie within the symbols).Results
Prestalk and prespore cell differentiation in monolayers
We studied cell differentiation using lacZ reporter strains
developing as submerged monolayers in 96-well plates,
where they were lysed in situ and h-galactosidase assayed.
The main reporters used had lacZ driven by the psA
promoter for prespore cells (Dingermann et al., 1989), the
ecmB promoter for pstB cells, the intact ecmAO promoter
for generic prestalk cells and the ecmA and ecmO
fragments of this promoter for pstA and pstO cells (Jermyn
et al., 1989; Early et al., 1995). Expression of all markers
required cyclic-AMP, which was therefore ever-present in
the assays, and reached a peak after about 20 h of incubation
(not shown). Strong color normally developed after a few
hours incubation of the lysates with the lacZ substrate,
except for the weak pstA marker, where 24 h was generally
required.
Cell differentiation, as measured by these markers, was
efficient when 106 cells were plated in each well (3.5  106
per cm2) but fell off rapidly as cell density was decreased to
5  104 cells/well (Fig. 1). At densities below 104 cells/well
there was essentially no detectable enzyme activity, even
though the h-galactosidase from 104 cells, diluted from a
high-density culture, is readily detectable (not shown). This
result suggests that differentiation of each cell-type is
stimulated by a cell interaction.
Since DIF-1 is a polyketide and the Dictyostelium
genome contains an abundance of polyketide synthases,
we tested whether cell differentiation is sensitive to
inhibition by cerulenin. This is an active-site inhibitor of
the condensing enzyme present in all polyketide synthases
(Omura, 1981) and has been shown previously to inhibit
DIF-1 production, without compromising the ability of cells
to respond to DIF-1 (Kay, 1998). Fig. 2 shows that cerulenin
inhibits expression of all the markers in submergedmonolayers: those for the pstA, pstO and pstB prestalk
subtypes, as well as for prespore cells are reduced to around
10% of controls by 100 AM cerulenin. Cerulenin also
inhibits fatty acid synthase whose condensing enzyme is
related to that of polyketide synthases, but in a control for
specificity we found that adding palmitic or myristic acid
did not reverse cerulenin’s inhibition of cell differentiation
(not shown), as they will its inhibition of growth (Chance et
al., 1976).
Conditioned medium from untreated cells could restore
expression of each marker to cerulenin-treated cells (Table 1
and results not shown); however, if the medium was made
from cerulenin-treated cells, then it was largely ineffective.
These results therefore suggest that expression of each mar-
ker is induced by a polyketide signal released into the
medium.
We next tested whether DIF-1 could substitute for the
conditioned medium activities. DIF-1 effectively restored
expression of the ecmO, ecmAO and ecmB markers to
cerulenin-treated cells (Fig. 2). Expression of the prespore
marker, psA, was not restored by DIF-1, as expected from
previous work showing that DIF-1 actually inhibits prespore
cell differentiation (Kay and Jermyn, 1983; Early and
Williams, 1988), although this is not apparent in Fig. 2
due to the effective inhibition by cerulenin.
Surprisingly, the prestalk-A marker ecmA-lacZ is not
inducible by DIF-1 under any conditions tested, in contrast
with the original finding (Early et al., 1995). The original
experiments were carried out with a transformant of strain
HMX44, which derives from the V12M2 wild-type isolate,
rather than the NC4-derived strains used here, and V12M2
strains make stalk cells in monolayers much more readily
Fig. 2. Effect of cerulenin and DIF-1 on prestalk and prespore marker-
induction. Ax2 cells carrying the specified promoter-lacZ markers were
developed in monolayers with 5 mM cyclic-AMP as described in Materials
and methods, with additions as follows: control (g); +cerulenin (h);
+cerulenin +DIF-1 ( ). Values are normalized to the h-galactosidase
activity of the untreated control for each marker. Cerulenin is at 100 AM,
and DIF-1 at 100 nM. Results are the average of 3 experiments, with each
condition assayed in triplicate.
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difference, or some property of the developmental mutation
in HMX44 (Kopachik et al., 1983), or the presence of
residual amounts of polyketide inducers in the original work
(cerulenin was not used) might explain the discrepancy. In
agreement with previous results (Saxe et al., 1996), we find
that another pstA marker, cAR2-lacZ, was also not inducible
by DIF-1 (not shown). Taken together these observations
suggest that unknown polyketides induce prestalk-A and,
remarkably, prespore cell differentiation.
Cadmium ions stimulate expression of both prestalk and
prespore marker genes
We next investigated possible ways of stimulating factor
production. Divalent metal ions such as those of zinc,Table 1
Effects of cerulenin and cadmium on ecmA- and psA-lacZ expression
Tester cells Conditioned
medium
ecmA-lacZ
expression
(% control)
psA-lacZ
expression
(% control)
Control none 100 100
+Cerulenin none 13.9 (T2.6) 11.5 (T2.9)
+Cerulenin from control cells 84.7 (T15.2) 91.9 (T8.2)
+Cerulenin from
cerulenin-treated
cells
19.5 (T4.2) 21.9 (T2.8)
Control none 100 100
+CdCl2 none 265 (T32.8) 335 (T25.2)
+Cerulenin none 12.3 (T3.4) 16.8 (T4.9)
+CdCl2
Ax2 cells carrying the ecmA-lacZ or psA-lacZ construct were developed in
monolayers with 5 mM cyclic-AMP with additions as specified and h-
galactosidase activity measured as described in Materials and methods.
Cerulenin is at 100 AM and CdCl2 at 25 AM. Results are the average of 3
experiments with each condition assayed in triplicate.cadmium and nickel have been shown to induce polyketide
antibiotic production in various Aspergilus species (Niehaus
and Dilts, 1982; Failla and Niehaus, 1986). Their mode of
action is not certain, but is believed to involve inhibiting
NADP+-dependant dehydrogenases and thus lowering the
intracellular NADPH/NADP+ ratio.
Various concentrations of ZnCl2, CdCl2 and NiCl2 were
included in the medium of a strain carrying the ecmB-lacZ
construct, the most strongly inducible of the markers, and
enzyme activity measured after 22 h of incubation in
standard conditions (Table 2). Cell morphology was also
monitored, in order to roughly estimate the toxic doses of
these metal ions. It is clear that, apart from nickel, which
appears to be very toxic even at the lowest concentrations
tested, both zinc and cadmium have a significant stimulatory
effect on ecmB-lacZ expression. Zinc causes a two-fold
increase in ecmB-lacZ expression at 0.5 mM with a
minimum lethal dose estimated at around 2 mM. However,
the most significant effect is produced by cadmium, which
produces a clear and consistent five-fold increase in
expression of the marker. Maximal stimulation occurs at
20 AM Cd2+, whereas half-maximal induction occurs at just
5 AM Cd2+, which is at least ten times below the estimated
minimum lethal dose.
Cerulenin inhibited expression of the ecmB-lacZ marker
by cells incubated with cadmium, as expected (Table 3).
More significantly, conditioned medium made by cells
exposed to cadmium was about 5 times more potent than
control medium when added to cerulenin-treated cells.
These observations suggest that the stimulation of ecmB-
lacZ expression by cadmium is due to an increased
accumulation of polyketide factors in the medium.
Similarly, Cd2+ strongly stimulates expression of ecmA,
the DIF-unresponsive prestalk marker and psA, the prespore
marker, and as expected this is inhibited by cerulenin (Table
1). Conditioned medium from cadmium-treated cells also
stimulates expression of these markers much more strongly
in cerulenin-treated tester cells than does control condi-
tioned medium, and again the activity is essentiallyTable 2
Effects of divalent metal ions on ecmB-lacZ induction and on cell viability
in monolayer cultures
Divalent
metal
Maximal
ecmB-lacZ
induction
Concentration for
half-max/max
ecmB induction
Estimated
minutes
of lethal
concentration
Zinc 2.20 (T0.18) 0.2 mM/0.5 mM 2 mM
Cadmium 4.80 (T0.32) 5 AM/20 AM 50 AM
Nickel – – 2 AM
Ax2 cells carrying the ecmB-lacZ reporter were developed in monolayers
with 5 mM cyclic-AMP and various concentrations of ZnCl2, CdCl2 or
NiCl2. h-galactosidase activity was measured at 22 h as described in
Materials and methods. The maximal ecmB-lacZ induction is given as the
fold increase over untreated samples. The minimum concentration at which
each metal ion produces its half-maximal or maximal ecmB-lacZ induction
is given (means from 3 experiments), together with an estimated minimum
concentration above which it appears to be lethal to the cells.
Table 3
Effects of cerulenin and cadmium on ecmB-lacZ expression
Tester cells Conditioned medium ecmB-lacZ
expression
(% control)
Control none 100
+Cerulenin none 12.2 (T2.7)
+CdCl2 none 461 (T32.3)
+Cerulenin +CdCl2 none 17.5 (T7.6)
+Cerulenin from control cells 78.7 (T11.1)
+Cerulenin from CdCl2-treated cells 395 (T38.7)
Ax2 cells carrying the ecmB-lacZ construct were developed in monolayers
with 5 mM cyclic-AMP with additions as specified, and h-galactosidase
activity measured as described in Materials and methods. Cerulenin is at
100 AM, and CdCl2 at 25 AM. Results are the average of 3 experiments with
each sample assayed in triplicate.
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(not shown). These results reinforce the evidence for a
separate PstA cell inducer, which is not DIF-1, and for a
new prespore-cell inducer, both of which activities appear to
be polyketides.
Cadmium enhances differentiation of mature stalk and spore
cells
Maturation of terminally differentiated stalk cells and
spores, which is induced by 8-Br-cyclic-AMP (Kay, 1989),
is also greatly stimulated by Cd2+. Ax2 cells form around
25% spores with Br-cyclic-AMP, but 20 AM CdCl2
stimulates this to 90%. If DIF-1 is also present, stalk cellsFig. 3. Cadmium ions stimulate terminal differentiation of stalk and spore cells. A
cyclic-AMP plus: (A) no additions; (B) 20 AM CdCl2; (C) 100 nM DIF-1; (D) 20 A
In the control or DIF-treated samples, a small percentage of spores or stalk cells, re
ions. Spores are refractile and oval or round; stalk cells are vacuolated and often
arrows).form instead, with 20 AM CdCl2 stimulating their formation
from around 10% to more than 90% (Fig. 3).
We explored the parameters of cadmium-induced spore
formation as follows. Fig. 4A shows that maximal spore
formation is achieved between 15 AM and 40 AM of Cd2+,
whereas half-maximal induction occurs at less than 5 AM.
At lower cell densities (105–106 cells/ml) higher Cd2+
concentrations are needed to have the same effect, whereas
at cell densities below 105 cells/ml, Cd2+ appears to have no
effect (not shown), an observation in good accord with a
factor-stimulating role for Cd2+. Fig. 4B shows that spore
formation even in the presence of cadmium is totally
dependant on PKA activation, since the presence of Br-
cyclic-AMP is necessary. Br-cyclic-AMP acts in a dose-
dependent manner, with optimum spore induction for both
untreated and cadmium-treated cells occurring at 12.5 mM.
Fig. 4C shows the time course of spore formation, from
which it is apparent that cadmium-treated cells form spores
at least 2 h earlier than untreated cells. Finally, as expected,
cerulenin strongly inhibits spore formation (Fig. 4D), with
inhibited cells remaining largely amoeboid and moving
around actively. Nevertheless, the commonly used 100 AM
cerulenin concentration, which completely suppresses stalk
cell differentiation, only reduces spore formation by
approximately 80% for untreated cells, while cadmium-
treated cells require twice this concentration to have the
same effect. In both cases however the inhibition is
completely reversible, and spore formation is restored when
the drug is washed away even after a 24-h treatment (not
shown).x2 cells were developed in monolayers, in spore medium with 15 mM Br-
M CdCl2 + 100 nM DIF-1. Photographs were taken at 20 h of development.
spectively, appear and their differentiation is greatly stimulated by cadmium
round in this strain (spores indicated by long arrows; stalk cells by broad
Fig. 4. Parameters of cadmium-induced spore formation. Ax2 cells were developed in monolayers, varying (A) CdCl2 concentration and (B) Br-cyclic-AMP
concentration. (C) Time course of spore maturation for control and cadmium-treated cells. (D) Inhibition of spore formation by cerulenin with or without
cadmium, normalized to the controls for each condition. Cells were incubated at 2  106 cells/ml in spore medium, and unless otherwise stated, Br-cyclic-
AMP at 15 mM and CdCl2 at 20 AM. Results are the average of 2 experiments, with each condition assayed in duplicate and are representative of several
others.
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from conditioned medium
In order to define the active components produced by
monolayer cells, we fractionated conditioned medium
produced in the presence of cyclic-AMP and Cd2+ by the
dmtA mutant strain HM1030, in which the main pathway of
DIF-1 production is blocked (Thompson and Kay, 2000).
Use of this strain reduced potential interference in the
analysis from DIFs 1-3 and their breakdown products.
Hydrophobic compounds were extracted from the condi-
tioned medium using C18 resin, extracted into ethyl acetate
and fractionated by reverse-phase HPLC. Individual frac-
tions were initially tested using the standard assay for
morphological stalk cell formation (Fig. 5A). Three major
activities were detected, corresponding to fractions 55, 60
and 62. The activity in fraction 60 does not co-elute with
any of the known DIFs run under the same HPLC
conditions and is therefore considered to be novel; it is
called DIF-6. However to a first approximation, fraction 55
co-elutes with DIF-2 and fraction 62 with DIF-1.
To further characterize these activities, we determined
their sensitivity to sodium borohydride. This treatment
reduces carbonyl groups and has previously been shown
to inactivate DIF-1 and DIF-2 (Kay et al., 1983). Fig. 6
shows that, unlike DIF-2, the compound responsible for the
activity in fraction 55 is resistant to NaBH4 and thereforelacks an essential carbonyl group. We name this novel stalk-
inducing activity DIF-7. On the other hand, the activity in
fraction 62 (called X in Fig. 5) is sensitive to NaBH4, and it
remains possible that it is residual DIF-1 produced by the
mutant using alternative methyltransferases. Interestingly,
DIF-6 is also NaBH4-sensitive suggesting that it too has an
essential carbonyl group.
The unfractionated material loaded onto the HPLC,
stimulated expression of the psA and ecmA markers (Fig.
7), and therefore all fractions were tested using these
markers. It is evident from Fig. 5B that fraction 31
contains a factor that strongly stimulates psA-lacZ
expression by cells in the presence of cerulenin. This
factor also stimulated mature spore formation in the
presence of 8-Br-cyclic-AMP from 25% to approximately
55% (not shown). We call this factor PSI-2 (prespore-
inducing factor-2), following Oohata et al., who identified
PSI-1 as a high molecular weight protein factor inducing
prespore cell differentiation (Oohata et al., 1997; Naka-
gawa et al., 1999; Kawata et al., 2004). Borohydride reduc-
tion indicates that PSI-2 does not contain an essential
carbonyl group (Fig. 6).
In addition, fractions 2, 3 and 85 strongly inhibit psA-
lacZ expression. However, all three fractions are lethal to the
cells, causing them to shrink, round up and quickly become
non-viable without any sign of differentiation. Fractions 2
and 3 contain relatively large amounts of material, which
Fig. 5. HPLC separation of conditioned medium activities from a mutant blocked in the major pathway of DIF-1 synthesis. (A) Stalk cell-inducing activities
detected with an assay for morphological stalk cell differentiation based on strain V12M2. Three major stalk cell-inducing activities were detected
corresponding to fractions 55, 60 and 62. (B) Prespore cell inducing (and inhibiting) activities, assayed using a psA-lacZ reporter strain. A single inducing
activity was detected (fraction 31), as well as two regions of inhibitory activity, which appear to be due to cell death (fractions 2 and 3 and fraction 85).
Conditioned medium was prepared from 2.5  1010 HM1030 cells, in the presence of 3 mM cyclic-AMP plus 25AM CdCl2; it was worked-up and resolved by
reverse-phase HPLC as described in Materials and methods. One unit of stalk cell-inducing activity induces 1% of stalk cells in the standard assay. The psA-
lacZ assay was in the presence of 50 AM cerulenin. The positions of standards separated under the same conditions are indicated. Assays were performed in
duplicate and confirmed by comparing two separate CM extractions and HPLC fractionations. The standards were chemically synthesized: DIF-1 (1-[3,5-
dichloro-2,6-dihydroxy-4-methoxyphenyl]hexan-one), DIF-2 (the pentyl homologue of DIF-1), DIF-3 (the monochloro analogue), dmDIF-1 (the des-methyl
analogue) and THPH (the des-chloro, des-methyl analogue).
Fig. 6. Sensitivity to sodium borohydride reduction of the purified
conditioned medium factors. Control (g); +NaBH4 (h). Stalk cell inducing
activities were measured using the standard microscopic assay and PSI-2
activity using the psA-lacZ assay (see Materials and methods).
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effect is likely to be non-specific. In contrast, fraction 85
contains very little material (no absorbance detected) and its
cytotoxic activity is completely destroyed by NaBH4 (not
shown). The cytotoxic activity of this fraction may therefore
reside in a single molecular species and deserves further
investigation.
Finally, we tested all HPLC fractions for induction of
prestalk-A cells as marked by ecmA-lacZ and the promoter
of cAR2-lacZ. Although activity is clearly apparent in the
sample loaded onto the HPLC (Fig. 7), which has already
been partially purified in the work-up, no significant activity
is apparent in any of the fractions (not shown). The
relatively low sensitivity of the prestalk-A markers may
have contributed to this outcome, but equally it is possible
Fig. 7. Presence of activities inducing ecmA-lacZ and psA-lacZ expression
in the HPLC load. Control (g); + cerulenin (˝); + cerulenin +HPLC load
( ). Cerulenin is at 100 AM and 1/500 of the HPLC load was used in the
assay. All assays were performed in duplicate.
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which have been separated by HPLC. The low amounts of
activity obtainable from conditioned medium made it
impractical to pursue this further. Thus the nature of the
prestalk-A inducing activity in the conditioned medium
remains to be determined.Discussion
Earlier work identified DIFs 1–3 and some metabolites
of DIF-1 as the major stalk-cell inducing factors released
by developing Dictyostelium aggregates (Kay et al., 1983;
Traynor and Kay, 1991; Kay et al., 1992). However, these
known factors cannot fully account for stalk cell
formation in normal development because some prestalk
markers are not induced by DIF-1 and are still expressed
in mutants defective in DIF signaling (Saxe et al., 1996;
Shaulsky and Loomis, 1996; Thompson and Kay, 2000;
Thompson et al., 2004). For a factor to have been
detected in our previous work, it would have to escape
efficiently from the aggregates, be fairly stable and be
able to induce mature stalk cells in the bioassay. These
limitations were partially circumvented in the present
work, where factors were collected directly from the
medium bathing separated cells and a range of bioassays
was used. This has allowed us to obtain clear evidence
for additional factors inducing prestalk cells, and more
surprisingly, prespore cells. Like DIFs 1–3, these factors
are likely to be polyketides.
Two of the stalk cell-inducing activities are definitely
new and are named as DIF-6 and DIF-7. A further activity
runs close to DIF-1 on HPLC and is similarly sensitive to
borohydride reduction and so could represent a trace of DIF-
1, made by an alternate methyl transferase, or it could be
due to another novel DIF. Unfortunately there is insufficient
material for further characterization. The early part of the
gradient also contains several minor activities, which remainto be characterized and are again present in very low
amounts.
Previous work with strain V12M2 has not provided any
evidence for an essential inducer of spore differentiation,
apart from cyclic-AMP. Thus spores can be induced at very
low cell density by either cyclic-AMP, in sporogenous
mutants, or Br-cyclic-AMP, in the wild-type (Kay, 1982,
1989). In contrast, spore differentiation in NC4-derived
strains falls off at low cell density, possibly because factors
stimulating early development or spore maturation are
required (Clarke et al., 1992; Jain et al., 1992; Anjard et
al., 1997, 1998). In addition a prespore stimulatory factor,
called PSI, has been identified from conditioned medium as
a large, secreted glycoprotein (Oohata et al., 1997;
Nakagawa et al., 1999; Kawata et al., 2004), but surpris-
ingly a PSI null mutant does not have any obvious defect in
development. We have discovered another factor that we
call PSI-2, which stimulates both prespore and spore
differentiation. It runs as a single peak on HPLC, does not
contain an essential carbonyl group and is likely to be a
polyketide.
The recent completion of the genome reveals that
Dictyostelium is well equipped to make polyketides with
around 40 modular polyketide synthase genes present
(Eichinger et al., in press). Their representation in cDNA
libraries (Morio et al., 1998; Urushihara et al., 2004; as
accessed through http://dictybase.org/or http://www.genedb.
org/genedb/dicty) indicates that many of them are expressed
during development, and although some may produce
compounds of ecological importance, there remains a large
potential to make polyketide signal molecules, such as the
ones we have detected.
The next step is to attempt to chemically identify DIF-6
and DIF-7, and PSI-2. On the one hand, they can readily be
resolved as single activity peaks on HPLC, and are stable
during storage and purification. The microtiter dish assay,
coupled with the use of cerulenin to suppress background
polyketide production, is much easier than assays where cell
differentiation is scored microscopically. On the other hand,
to chemically identify DIF-1, we routinely purified factors
from up to 5  1012 cells (Kay et al., 1983). In contrast we
used about 200 times fewer cells in the current work, and it
would be difficult to scale this up, if only for the cost of
cyclic-AMP. Therefore, the essential next step in the
identification of these new factors will be to find an
improved source of starting material.
Zinc and cadmium ions have previously been reported to
stimulate stalk cell differentiation in monolayers, although
at that time there was no obvious rationale for the effect
(Kubohara and Okamoto, 1994; Kubohara, 1995). In the
light of the present results, we propose that the effect of
these ions was due to a stimulation of polyketide produc-
tion. Certainly, cadmium ions are an efficient, if somewhat
surprising, method of stimulating differentiation of both
stalk and spore cell in monolayers. This property can be put
to good use to persuade cells of recalcitrant strains to
I. Serafimidis, R.R. Kay / Developmental Biology 282 (2005) 432–441440differentiate and to increase factor production for subse-
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